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Department of Chemistry and Biochemistry, and Center for Biomolecular Structure and Dynamics, University of Montana, Missoula, MontanaABSTRACT Two sets of iso-1-cytochrome c variants have been prepared with N-terminal insertions of pure polyglutamine,
i.e., PolyQ variants, or polyglutamine interrupted with lysine every sixth residue, i.e., Gln-rich variants. The polymer properties
of these pure polyGln or Gln-rich sequences have been evaluated using equilibrium and kinetic His-heme loop formation
methods for loop sizes ranging from 22 to 46 in 1.5, 3.0, and 6.0 M guanidine hydrochloride (GdnHCl). In 6.0 M GdnHCl, the
scaling exponent, n3, for the pure polyGln sequences, is ~1.7—significantly less than n3 z 2.15 for the Gln-rich sequences.
The stability of the His-heme loops becomes progressively greater for the pure polyGln sequences relative to the Gln-rich
sequences as GdnHCl concentration decreases from 6.0 to 1.5 M. Thus, the context of the sequence effects the polymer prop-
erties of Gln repeats even in denaturing concentrations of GdnHCl. Comparison of data for the Gln-rich variants with previous
results for Gly-rich and Ala-rich variants shows that n3 ~ 2.2 for the Gln-rich, Gly-rich, and Ala-rich sequences in 6.0 M GdnHCl,
whereas n3 remains unchanged at 3.0 MGdnHCl concentration for the Gln-rich and Ala-rich sequences but decreases to ~1.7 for
the Gly-rich sequences. Thus, the polymer properties of Gln-rich and Ala-rich sequences are less sensitive to solvent quality in
denaturing solutions of GdnHCl than Gly-rich sequences. Evaluation of Flory’s characteristic ratio, Cn, for the Gln-rich and
Ala-rich sequences relative to the Gly-rich sequences shows that Gln-rich sequences are stiffer than Ala-rich sequences at
both 3.0 and 6.0 M GdnHCl.INTRODUCTIONWithin eukaryotic genomes, there is a strong tendency for
homopolymeric amino-acid repeats within proteins. For
humans, nearly 20% of proteins with sequences of R200
amino acids have homopolymeric runs that areR5 residues
long (1). Many of these proteins are associated with human
disease (1). For homopolymeric sequences of glutamine
(2–4) and alanine (5), an increase in the length of the homo-
polymeric region beyond lengths observed in the general
population leads to disease. Because the age of onset and
the severity of disease are linked to the length of the homo-
polymeric insert, much work has focused on the length
dependence of the physical properties of polyglutamine
(polyGln) and polyalanine (polyAla) (3,6–13). Not surpris-
ingly, given the different properties of glutamine and
alanine, the nature of oligomerization and aggregation of
polyGln and polyAla is very different (6,7). In common to
both homopolymers, however, is a sharp change in compact-
ness and oligomerization properties over a narrow length
range (6,7,9,13). Although asparagine repeats are rare in
the human genome and thus of less interest for human
disease (1), the nature of aggregation in polyasparagine
(polyAsn) and polyGln sequences in yeast prions appear
to be very different (14). Thus, the nature of the side chain
is clearly important for the physical properties of homopol-
ymeric sequences.
Recent studies have also shown that sequence context has
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peptides to facilitate physical studies slow aggregation
(6,15). In yeast prions, charged residues and proline disfavor
aggregation (16). Polyproline (polyPro) segments of six
residues or more at the C-terminus of polyGln suppress
aggregation, whereas polyPro segments at the N-terminus
have no effect on aggregation (17). Interestingly, the effect
of polyPro segments appears to be mediated through the
backbone, resulting in a redistribution of the conformational
ensemble of the polyGln segment (17). A (QP)24 polymer
is resistant to expansion under force, whereas a (Q11P)4
polymer expands readily under force (9). The N-terminal
segment of the Huntingtin protein also modulates aggrega-
tion of polyGln sequences, although there is disagreement
over whether it enhances or slows aggregation (3,8,12,15).
The variation in the polyGln repeat length necessary to
promote disease for different proteins also argues for strong
effects of sequence context on the physical properties of
polyGln repeats (4).
Most studies on polyGln aggregation have been done in
water, which is a poor solvent for polyGln (10,11,18). There
are few studies on the effects of solvent-quality on polyGln
properties. Crowding agents, which effectively decrease
solvent quality, are known to enhance aggregation (17).
Temperature-dependent simulations of polyGln show that
monomeric polyGln undergoes a coil-to-globule transition
as solvent quality is decreased by lowering the simulation
temperature (10). Similarly, simulations show that the
tendency of polyGln to aggregate is enhanced as solvent
quality decreases at lower temperatures (10). Studies on
ataxin-3 containing a 28-residue polyGln sequence showhttp://dx.doi.org/10.1016/j.bpj.2012.09.041
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(GdnHCl) enhance aggregation, reaching a maximum
enhancement at 2.0 M GdnHCl, followed by a rapid
decrease in aggregation above 2.0 M GdnHCl (19). The
Ataxin-3 study suggests that GdnHCl is a poor enough
solvent for polyGln to allow aggregation below ~3.5 M
GdnHCl.
In this study, we apply our histidine-heme (His-heme)
loop formation method (20–27) to experimentally assess
the effect of solvent quality and polyGln repeat length on
the polymer properties of polyGln. In the His-heme loop
formation method, we use a protein with a heme attached
covalently through a CXXCH heme-binding motif (c-type
heme). A set of protein variants containing a single histidine
(in addition to the one in the CXXCH motif) is prepared,
allowing the loop size dependence of loop stability under
denaturing conditions (typically GdnHCl solutions) to be
measured for a particular protein polymer (see Fig. 1).
The data are interpreted in the context of the Jacobson-FIGURE 1 Schematic representation of His-heme loop formation in the
denatured state of the PolyQ and Gln-rich variants of iso-1-Cytc. Residues
from the natural sequence of iso-1-Cytc are shown in hexagons (one-letter
code, followed by wild-type sequence position). (Circled) Residues inserted
for the PolyQ and Gln-rich variants.
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of loop formation, DSloop, for a random coil polymer,
DSloop ¼ n3R lnðnÞ þ R ln

3
2pCn‘2
n3
Vi

; (1)
where n is loop size, R is the gas constant, Cn is Flory’s
characteristic ratio for a loop containing n monomers, ‘ is
the distance between monomers, n3 is the scaling exponent,
and Vi is the volume within which two monomers must be
constrained to form a loop. Thus, the His-heme loop forma-
tion method allows evaluation of key polymer properties, n3
and Cn, for protein polymers.
In previous work, we have found that the flexible
N-terminal extension of yeast iso-1-cytochrome c (iso-1-
Cytc; the yeast protein has a five-residue flexible sequence
preceding the N-terminal helix that is not found in mito-
chondrial cytochromes of higher eukaryotes) provides a
useful vector for making His-heme loop formation measure-
ments on homopolymeric amino-acid sequences of varying
length (20–23). Thus, for our study, we have engineered
inserts of polyGln ranging from 5 to 29 residues (NH5Q-1
and PolyQ variants, see Fig. 1) into the N-terminus of
iso-1-Cytc. To probe the effect of charged residues on the
polymer properties of polyGln sequences, we also have
studied His-heme loop formation with a series of variants
with a lysine residue after every fifth glutamine residue
(Gln-rich variants, Fig. 1). The Gln-rich variants allow
direct comparison with our previous work on His-heme
loop formation with Ala-rich (21) and Gly-rich (20)
variants.MATERIALS AND METHODS
Preparation of PolyQ and Gln-rich variants
Glutamine repeats were inserted into the five-amino-acid N-terminal exten-
sion of iso-1-Cytc, which is not found in mitochondrial cytochromes of
higher eukaryotes (29). This N-extension is flexible (30–32) and readily
accepts amino-acid inserts (20–23). The inserts were placed between an en-
gineered histidine at position -2 (K(-2)H; the numbering convention for
horse cytochrome c is used. Thus, the first five amino acids of iso-1-Cytc
are numbered -5 to -1) and Ala(-1) as shown in Fig. 1. The TM variant
(27) of iso-1-Cytc in the pBTR1 expression vector (33) was used as the
starting point for preparation of these variants. This variant contains,
H26N, H33N, and H39Q mutations so that the only histidine available
for denatured state loop formation is His(-2). The TM variant also contains
a C102S mutation to prevent disulfide dimerization during physical studies.
Two types of variants were made: one with a lysine after every fifth gluta-
mine (Gln-rich variants, Fig. 1), and the other with uninterrupted sequences
of glutamine (PolyQ variants, Fig. 1). The inserts for the Gln-rich variants
were added progressively using PCR-based mutagenesis as reported earlier
(20,21). After the second QQQQQK insertion, the lysine in the middle of
the (QQQQQK)2 insert of the NH5Q-2 variant was mutated to glutamine
to produce the NH11Q variant using the QuikChange PCR-based protocol
(Stratagene, La Jolla, Calif.). The same primer set was then used to add
a QQQQQK segment to both the NH11Q and the NH5Q-2 variant. The
lysine in the initial variant produced from the NH11Q variant was mutated
to Gln to produce the NH17Q variant. The process was repeated to produce
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the entire coding region of the iso-1-Cytc gene (Murdock DNA Se-
quencing Facility, University of Montana, Missoula, Mont.). These variants
were expressed and purified from Escherichia coli BL21-DE3 cells
(EdgeBio, Gaithersburg, Maryland) as previously described (22,23). The
pBTR1 vector also expresses yeast heme lyase, allowing covalent attach-
ment of heme to the iso-1-Cytc polypeptide in the cytoplasm during expres-
sion (34).Stability of variants
GdnHCl denaturation experiments on the Gln-rich and PolyQ variants at pH
7.0 and 25C were monitored by circular dichroism (CD) at 222 nm, using
a Chirascan CD spectrometer (Applied Photophysics, Leatherhead, UK)
interfaced to a MICROLAB 500 titrator (Hamilton, Reno, Nev.) as previ-
ously described (22). The free energy of unfolding in the absence of
GdnHCl, DGu
o0(H2O), the denaturant m-value, and the midpoint GdnHCl
concentration, Cm, were obtained assuming a two-state equilibrium and
a linear free-energy relationship, as described earlier (26).Equilibrium denatured state His-heme loop
formation
The His-heme loop stability of each variant in 1.5, 3.0, and 6.0 M GdnHCl
at 22 5 1C was measured in the presence of 5 mM sodium phosphate,
15 mM NaCl and 1 mM EDTA by pH titration monitored at the heme Soret
absorbance band, as previously described by Bowler and co-workers
(20–27). To demonstrate that no significant backbone fragmentation had
occurred during pH titrations (23), matrix-assisted laser-desorption time-
of-flight (MALDI-ToF) mass spectra were acquired before and after each
experiment using a Microflex MALDI-ToF mass spectrometer (Bruker
Daltonics, Billerica, MA). To obtain pKa(obs) (the apparent pKa for loop
formation) and np (the number of protons linked to loop formation),
absorbance data at 398 nm, A398, as a function of pH were fit to a modified
form of the Henderson-Hasselbalch equation as described in Tzul and
Bowler (21).Kinetics of His-heme loop formation
His-heme loop breakage was measured by stopped-flow mixing at 25C, as
described in Kurchan et al. (24) using an SX-20 Stopped-Flow Spectrom-
eter (Applied Photophysics). The pH jump experiments were performed
from pH 6.2 (10 mM MES buffer) to pH 3.0 or 3.5 (100 mM citrate buffer)
in 1.5, 3.0, and 6.0 M GdnHCl. The ending pH was achieved by 1:1 mixing
of the pH 6.2 solution with the citrate buffers. Final protein concentration
was 3 mM. Final pH was measured directly by collecting the effluent
from the mixing reaction. All buffers contain 1.0 mM EDTA to inhibit
backbone cleavage (22). MALDI-ToF mass spectrometry was performed
before and after each experiment and indicated no significant backbone
cleavage had occurred for any of the reported data.RESULTS
Variant design
The polyGln sequences in the PolyQ and the Gln-rich vari-
ants are inserted between His(-2) and Ala(-1) of iso-1-Cytc
as shown in Fig. 1. Thus, the 15 residues at the C-terminal
end of the denatured state His-heme loop come from the
native sequence of iso-1-Cytc. The N-terminal helix of
iso-1-Cytc is essential for the stability of the protein and
thus imperative for successful protein expression. There-fore, the presence of these native residues in the denatured
state His-heme loops is unavoidable. In previous work, we
have shown that for the first five-residue homopolymeric
insert (n ¼ 0 in Fig. 1), the 15 residues of native sequence
dominate the properties of the His-heme loop (22,23).
However, for variants with two or more inserts (n ¼ 1–4
in Fig. 1), the effect of the 15 residues of native sequence
is small (20,21).
In our previous studies on Gly-rich and Ala-rich variants
(20,21), every sixth residue in the inserts was a lysine as
with the Gln-rich variants in this study (see Fig. 1). Thus,
the polymer properties of Gln derived from the Gln-rich
variants can be compared directly with the polymer proper-
ties of Ala and Gly derived from the Ala-rich and Gly-rich
variants. The Q5 (NH5Q-1 variant), Q11, Q17, Q23, and Q29
repeats in the PolyQ variants span the length range over
which polyGln peptides in aqueous solution have been
observed to transition from being more extended than
expected for a polypeptide in a theta solvent (excluded
volume and intrapeptide interactions exactly balance) to
being more compact than expected for a polypeptide in
a theta solvent (6).
In aqueous solution, a Q16 peptide is near the midpoint of
this length-dependent transition (6). A very sharp transition
is also observed in the apparent nucleus size for polyGln
aggregation from Q23 to Q26, which is also within the length
range of the polyGln inserts in the PolyQ variants (13).
Thus, we should see length-dependent changes in the
apparent solvent-quality at a given GdnHCl concentration
for the PolyQ variants. For n ¼ 1–4, the length of the dena-
tured state His-heme loops are the same for the PolyQ and
Gln-rich variants (Fig. 1), allowing direct comparison of
the effects of sequence context, in particular the presence
of lysines, on the properties of polyGln sequences.Stability of variants
The global stability of the PolyQ and Gln-rich variants was
measured by GdnHCl denaturation monitored by CD spec-
troscopy at 222 nm (see Fig. S1 in the Supporting Material).
We observe that the ellipticity of the denatured state is less
sensitive to increasing GdnHCl concentration above ~3 M
GdnHCl. Thus, the denatured state shows nonlinearity
with regard to GdnHCl concentration, consistent with other
reports (35–37). To approximate the behavior of the dena-
tured state baseline, we assumed a linear-dependence of
the ellipticity at 222 nm and used CD data only out to
3 M GdnHCl, where the deviation from linearity begins to
become pronounced. All denaturation curves were then fit
to a linear free energy relationship assuming a two-state
transition to obtain the unfolding free energy in the absence
of denaturant, DGo
0
u (H2O), the denaturant m-value, and the
unfolding midpoint GdnHCl concentration, Cm (Table 1).
All the variants except NH(-2)I52, which contains the
stabilizing N52I mutation (25), have DGo
0
u (H2O) betweenBiophysical Journal 103(9) 1989–1999
TABLE 1 Thermodynamic parameters for GdnHCl unfolding
at 25C and pH 7 for Iso-1-Cytc variants
Variant
Loop
size
DGu
o0 (H2O)*
(kcal/mol)
m-value*
(kcal mol1 M1) Cm* (M)
Variants with no insert
NH(-2) 16 1.715 0.06 3.055 0.10 0.565 0.01
NH(-2)I52y 16 5.765 0.14 4.805 0.17 1.205 0.07
Gln-rich variants
NH5Q-1 22 1.545 0.14 2.875 0.18 0.545 0.04
NH5Q-2 28 1.795 0.13 3.195 0.21 0.5605 0.006
NH5Q-3 34 1.595 0.12 2.495 0.17 0.645 0.01
NH5Q-4 40 1.835 0.12 2.565 0.16 0.7175 0.003
NH5Q-5 46 2.055 0.09 2.895 0.16 0.715 0.01
PolyQ variants
NH11Q 28 1.895 0.12 2.825 0.13 0.675 0.01
NH17Q 34 1.685 0.09 2.645 0.07 0.645 0.02
NH23Q 40 2.035 0.20 2.895 0.20 0.7045 0.006
NH29Q 46 1.905 0.06 2.795 0.13 0.685 0.03
*Values are the averages and standard deviations of three independent
trials. Data from 0 to 3 M GdnHCl were used in fits as discussed in the text.
yData from Tzul and Bowler (21).
FIGURE 2 Plot of absorbance at 398 nm, A398, versus pH for the NH5Q-3
variant in 6.0 M GdnHCl at 225 1C and a protein concentration of 3 mM.
(Solid curve) Fit of the data to a modified form of Henderson-Hasselbalch
equation to obtain pKa(obs) and np. (Inset) Wavelength scans from 350 to
450 nm over the course of a titration from pH ~7 to pH ~3 in steps of ~0.2
pH units. Below ~404 nm, absorbance increases as pH decreases.
1992 Khan and Bowler1.5 and 2.1 kcal/mol and Cm between 0.5 and 0.7 M. For the
Gln-rich variants, Cm increases as the denatured state loop
size increases. By contrast, for the PolyQ variants Cm is
insensitive to denatured state loop size. From Table 1 and
Fig. S1, it is clear that the PolyQ and Gln-rich variants are
fully denatured in 1.5, 3.0, and 6.0 M GdnHCl, the condi-
tions used for measurements of denatured state His-heme
loop formation.TABLE 2 Thermodynamic parameters for denatured state
equilibrium His-heme loop formation at 225 1C for iso-1-Cytc
variants as a function of GdnHCl concentration
Variant Loop size
pKa(obs)*
y
1.5 M GdnHCl 3.0 M GdnHCl 6.0 M GdnHCl
Variants with no insert
NH(-2) 16 4.135 0.01 4.405 0.03 —
NH(-2)I52z 16 — 4.415 0.01 4.655 0.04
Gln-rich variants
NH5Q-1 22 4.455 0.01 4.695 0.04 4.965 0.04
NH5Q-2 28 4.755 0.02 4.975 0.02 5.215 0.02
NH5Q-3 34 5.005 0.03 5.275 0.06 5.395 0.02
NH5Q-4 40 5.125 0.01 5.405 0.02 5.545 0.01
NH5Q-5 46 5.275 0.02 5.475 0.02 5.685 0.01
PolyQ variants
NH11Q 28 4.745 0.02 4.995 0.02 5.265 0.01
NH17Q 34 4.965 0.01 5.195 0.04 5.435 0.01
NH23Q 40 5.085 0.01 5.375 0.04 5.545 0.02
NH29Q 46 5.165 0.02 5.435 0.02 5.635 0.05
*Values are the average and standard deviation of at least three independent
trials.
yData for the number of protons linked to loop formation are provided in
Table S1 in the Supporting Material.
zData from Tzul and Bowler (21).Equilibrium His-heme loop formation in the
denatured state
Equilibrium His-heme loop stability is measured by pH
titration in denaturing GdnHCl solutions. The titration
yields an apparent pKa, pKa(obs), for His-heme loop forma-
tion (Fig. 1). The equilibrium is monitored with the heme
Soret band at 398 nm, which is sensitive to the spin state
change that occurs when the weak-field water ligand
replaces the strong-field histidine ligand.
Data in the presence of 6.0 M GdnHCl are shown for the
NH5Q-3 variant in Fig. 2. An isosbestic point is observed in
the Soret band near 404 nm (inset to Fig. 2), consistent with
the two-state equilibrium outlined in Fig. 1. The solid curve
in Fig. 2 shows a fit of the data to a modified form of
the Henderson-Hasselbalch equation that allows the number
of protons linked to His-heme loop breakage, np, and
pKa(obs) to be extracted. The pKa(obs) for the Gln-rich
and PolyQ variants at 1.5, 3.0, and 6.0 M GdnHCl are
collected in Table 2. The pKa(obs) values increase as loop
size increases for both sets of variants at all concentrations
of GdnHCl indicating that longer loops are less stable. For
each variant, pKa(obs) increases as GdnHCl concentration
increases, consistent with loop formation becoming less
favorable—lower Hþ concentration required to break the
His-heme bond—at higher GdnHCl concentrations. For allBiophysical Journal 103(9) 1989–1999variants, np is ~1 at all GdnHCl concentrations (see Table
S1 in the Supporting Material), consistent with the one
Hþ process in Fig. 1.
His-heme loop formation involves ionization of histidine
followed by binding of the deprotonated histidine to the
heme. Thus, pKa(obs) can be expressed by Eq. 2,
pKaðobsÞ ¼ pKa

HisHþ
þ pKloopðHisÞ; (2)
where pKloop(His) is the pK for His-heme loop formation
with a fully deprotonated histidine and pKa(HisH
þ) is the
Polymer Properties of Polyglutamine 1993intrinsic pKa of the histidine that forms the loop. In previous
work, we have shown that pKa(HisH
þ) ¼ 6.6 5 0.1 for
iso-1-Cytc (25), independent of histidine sequence position
and GdnHCl concentration.
If denatured state His-heme loop formation follows
random coil behavior, we can use the Jacobsen-Stockmayer
equation (Eq. 1) to derive Eq. 3 for the dependence of
pKloop(His) on loop size, n (20,21),
pKloopðHisÞ ¼ pKloopðHisÞref þ v3LogðnÞ; (3)
where pKloop(His)ref is pKloop(His) for n ¼ 1. Eq. 3 also
assumes that the Fe3þ-His bond enthalpy is identical for
all His-heme loops. Thus, plots of pKloop(His) versus
Log(n) are expected to be linear with a slope of n3.
Plots of pKloop(His) versus loop size, n (plotted logarith-
mically), are shown in Fig. 3 for the PolyQ (open symbols)
and Gln-rich (solid symbols) variants at 1.5, 3.0, and 6.0 M
GdnHCl. In general, the values of pKloop(His) are similar for
the PolyQ and Gln-rich variants at loop sizes where both
types of variants are available (n ¼ 28–46). However, there
is a clear tendency for pKloop(His) to become progressively
more negative (more favorable loop formation) for the
PolyQ (open symbols) relative to the Gln-rich (solid
symbols) variants as n increases and solvent quality
decreases from 6.0 M to 1.5 M GdnHCl.
As noted above, our previous work on Ala-rich and
Gly-rich variants has shown that the 15 residues of nativeFIGURE 3 Plots of pKloop(His) versus the loop size, n (plotted logarith-
mically), at 1.5, 3.0, and 6.0 M GdnHCl and 22 5 1C for the PolyQ
(open symbols) and Gln-rich (solid symbols) variants. Data for the NH(-2)
and NH(-2)I52 variants, which have no polyGln insert, and the NH5Q-1
variant are plotted (open symbols) at 1.5 (downtriangles), 3.0 (diamonds),
and 6.0 M (hexagons) GdnHCl. (Lines) Fits to Eq. 3 for n ¼ 28–46 for the
PolyQ (dashed) and Gln-rich (solid) variants at 1.5, 3.0, and 6.0 MGdnHCl.
pKloop(His) was calculated from pKa(obs) in Table 2 using Eq. 2 with
pKa(HisH
þ) ¼ 6.6. The scaling exponents, n3, obtained from fits to Eq. 3
at 1.5, 3.0, and 6.0 M GdnHCl are collected in Table 3. (Inset) DGloop(His),
calculated as ln(10)RTpKloop(His), plotted versus GdnHCl concentration for
the NH(-2), NH5Q-1, NH5Q-5, and NH29Q variants. (Solid lines) Fit of the
data points from 3.0 to 6.0 M GdnHCl to a linear free energy relationship.iso-1-Cytc sequence dominate the properties of His-heme
loop formation for the first insert (n ¼ 0, in Fig. 1)
(20,21). Thus, to determine n3, we fit the data for n ¼ 28–46
to Eq. 3 for the PolyQ (dashed lines, Fig. 3) and Gln-rich
(solid lines, Fig. 3) variants (see Table 3). Not surprisingly,
the linearity of the data is best for both sets of variants
under good solvent conditions (6.0 M GdnHCl). The
n3 ¼ 2.16 5 0.01 observed for the Gln-rich variants in
6.0 M GdnHCl is in the middle of the range of 1.8–2.4
expected for a polymer in the excluded volume (good
solvent) limit (38–40). In 6.0 M GdnHCl, the best fit line
to Eq. 3 for the Gln-rich variant data passes through the
data points for the smaller loops with only the natural
sequence of iso-1-Cytc (n ¼ 16) or one insert (n ¼ 22).
Thus, as in our previous work with Ala-rich variants (21),
6.0 M GdnHCl eliminates sequence-dependent effects
on the scaling properties of a protein polymer. The n3 ¼
1.73 5 0.10 observed for the PolyQ variants in 6.0 M
GdnHCl is significantly smaller than n3 for the Gln-rich
variants, being near the lower limit of n3 expected for a poly-
mer in a good solvent, but significantly larger than n3 ¼ 1.5
expected under theta solvent conditions (40,41). Under
poorer solvent conditions (1.5 and 3.0 M GdnHCl) the line-
arity of the pKloop(His) versus Log(n) data is poorer and the
error in n3 is larger (Table 3). Thus, within error, n3 does not
change at lower GdnHCl concentration, but the error ranges
of the values of n3 for the Gln-rich and PolyQ variants now
overlap.
From the data in Fig. 3, it is clear that loop stability
decreases (pKloop(His) becomes less negative; pK values
like DG are negative for favorable equilibria) with
increasing GdnHCl concentration. To examine the depen-
dence of loop stability more carefully, we performed equi-
librium His-heme loop stability measurements at 4.0 and
5.0 M GdnHCl for the NH(-2) variant (no insert), the
NH5Q-1 variant (one insert, n¼ 0, Fig. 1) and for the PolyQ
and Gln-rich variants with the longest loops, NH29Q and
NH5Q-5, respectively (Table S2). DGloop(His) [¼ ln(10)
RTpKloop(His)] versus GdnHCl concentration is plotted forTABLE 3 Scaling exponents of iso-1-Cytc variants at different
GdnHCl concentrations
GdnHCl
concentration
Scaling exponent, n3*
Gln-rich PolyQ Gly-richy Ala-richz
Equilibrium data
1.5 2.345 0.18 1.955 0.22 1.885 0.11 —
3.0 2.325 0.39 2.105 0.23 1.615 0.16 2.015 0.10
6.0 2.165 0.01 1.735 0.10 2.285 0.08 1.915 0.11
Kinetic data
1.5 2.295 0.22 1.945 0.21 — —
3.0 2.305 0.35 2.135 0.19 1.675 0.18 2.175 0.16
6.0 2.145 0.09 1.725 0.11 2.245 0.08 2.185 0.14
*Reported errors are standard errors of the fits to data in Figs. 3–5.
yData from Finnegan and Bowler (20).
zData from Tzul and Bowler (21).
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at 1.5 M GdnHCl is significantly below the curve obtained
from fits of the DGloop(His) data from 3.0 to 6.0 M GdnHCl
to a linear free energy relationship with respect to GdnHCl
concentration.
This deviation at 1.5 M GdnHCl likely represents the
onset of a coil-globule collapse (10,42,43). The rates of
change of DGoloop(His) versus GdnHCl concentration,
meq, derived from these plots (Fig. 3, inset) are modest,
ranging from 0.09 to 0.13 kcal mol1 M1 (Table S3). Given
the behavior observed in the inset to Fig. 3, DGloop(His)
values at 3.0 and 6.0 M GdnHCl were used to estimate
meq for the other variants. The meq values range from 0.05
to 0.12 kcal mol1 M1 (Table S3). Denaturant m-values
are proportional to the change in solvent-accessible surface
area, DSASA, linked to an equilibrium (44,45). The small
meq values indicate that DSASA is very small for loop
formation with polyGln and Gln-rich sequences in dena-
turing solutions of GdnHCl.Kinetics of His-heme loop breakage and
formation in the denatured state
Because His-heme loop formation is linked to release of
a proton from histidine (Fig. 1), the kinetics of His-heme
loop breakage is readily measured using pH jump
stopped-flow methods. Recent work has shown that the
rate constant for His-heme loop breakage, kb,His, is primarily
sensitive to local sequence (46). For homopolymers, kb,His
can also provide a measure of the effect of a particular
side chain on the flexibility of the main chain (20,21). We
have shown that the kinetics of denatured state His-heme
loop formation and breakage is consistent with a kinetic
model in which histidine undergoes a rapid protonation
equilibrium followed by binding of the deprotonated histi-
dine to the heme (24). Thus, the pH dependence of the
observed rate constant for loop formation and breakage,
kobs, is given by Eq. 4 (47),
kobs ¼ kb;His þ kf; His

KaðHisHþÞ
ð½Hþ þ KaðHisHþÞÞ

; (4)
where kf,His is the rate constant for loop formation, and
Ka(HisH
þ) is the acid dissociation constant of the ionizable
group coupled to loop formation. From Eq. 4, it is clear for
pH  pKa(HisHþ), kobs z kb,His. Because pKa(HisHþ) ¼
6.6 5 0.1 for iso-1-Cytc (25), kobs z kb,His for pH-jump
mixing from pH values where the His-heme loop is formed
(pH ~6) to pH values in the range 3–4, where the loop is
broken.
For the PolyQ and Gln-rich variants, we have measured
loop breakage using pH jump experiments from pH 6.2 to
pH values of ~3 and ~3.5 in 1.5, 3.0, and 6.0 M GdnHCl.
The observed rate constants, kobs, are similar at pH 3 and
3.5 (Table S4), consistent with the contribution of kf,His toBiophysical Journal 103(9) 1989–1999kobs for loop breakage in Eq. 4 being minimal in this
pH range. Thus, kobs at pH ~3 is essentially equal to kb,His
(henceforth referred to as kb,His). At 1.5 and 3.0 M GdnHCl,
the kb,His values are similar in magnitude for each variant.
However, kb,His decreases significantly for each variant at
6.0 M GdnHCl. Because pKloop(His) is less negative
(less favorable loop formation) in 6.0 M GdnHCl for all
variants (see Fig. 3), kb,His is expected to increase. However,
we have shown previously that the increase in viscosity as
GdnHCl concentration increases, decreases kb,His (48),
similar to the effect of viscosity observed on rate constants
for both protein folding and unfolding (49–51). Therefore,
to compare kb,His obtained at different GdnHCl concentra-
tions, we apply a viscosity correction (52) to the observed
kb,His values using 1.5 M GdnHCl as a reference point
(see Table S5).
Fig. 4 (top panel) shows the viscosity corrected, His-
heme loop-breakage rate constants, kb,corr, plotted against
loop size, n, for the Gln-rich and PolyQ variants at 1.5,
3.0, and 6.0 M GdnHCl. At all GdnHCl concentrations,
kb,corr is much larger for variants with no insert (n ¼ 16).
For the PolyQ and Gln-rich variants, kb,corr ~ 60 s
1 at
1.5 M GdnHCl and kb,corr ~ 65 s
1 at 3.0 and 6.0 M GdnHCl
for all loop sizes. Thus, once kb, His is corrected for the
viscosity at different GdnHCl concentrations, loop breakage
is insensitive to the denaturing properties of GdnHCl. Dena-
turant m-values for loop breakage obtained with kb,corr,
mzb,corr, are zero within error (see Table S5). Clearly, loop
breakage is also insensitive to loop size for both the Gln-rich
and PolyQ variants (Fig. 4, top panel). At a given loop size,
kb,corr is the same for the Gln-rich and PolyQ variants. Thus,
the presence or absence of lysine within the loop does not
affect kb,corr. These observations are consistent with our
recent demonstration that kb,His is primarily sensitive to
local sequence near the histidine that forms the His-heme
loop (46). All Gln-rich and PolyQ variants have identical
sequence within five residues of His(-2) (see Fig. 1).
Because His-heme loop formation is two-state (Fig. 2,
inset), kf,His values were obtained from kb,His and Kloop(His)
(see Table S6). We and others have shown that His-heme
loop formation is reaction-controlled and not diffusion-
controlled (24,53,54). Thus, the kf,His values we observe
are 3–4 orders-of-magnitude smaller than observed for
diffusion-controlled loop formation with polypeptides of
similar length (55,56). Because His-heme loop formation
is reaction-controlled no viscosity correction to kf,His values
is expected to be necessary. However, kf,His values will still
reflect the distance distribution of the denatured state
ensemble. Thus, a plot of Log(kf,His) versus Log(n) should
be linear with slope ¼ n3 as given by Eq. 5 (20),
Log

kf;His
 ¼ Logkf;His ref v3 LogðnÞ; (5)
where kf,His_ref corresponds to kf,His for a loop size of n ¼ 1.
As with equilibrium data, we fit the Log(kf,His) data for
FIGURE 4 Kinetics of His-heme loop breakage and formation at 1.5, 3.0,
and 6.0 M GdnHCl at 25C. (Top panel) Rate constants for loop breakage
corrected for viscosity, kb,corr, are plotted against loop size, n, for the
Gln-rich and PolyQ variants. Data for the NH(-2) and NH(-2)I52 variants
(n ¼ 16), which have no polyGln insert, are also included. (Upper-right-
hand corner) Symbols used for each variant at each GdnHCl concentration.
The kb,His at 3.0 and 6.0 M GdnHCl have been corrected to the viscosity of
1.5 M GdnHCl (see Table S5 in the Supporting Material). (Bottom panel)
Plot of Log(kf,His) versus loop size, n, plotted logarithmically at 1.5, 3.0,
and 6.0 M GdnHCl. The solid (Gln-rich variants) and dashed (PolyQ vari-
ants) lines are fits of Eq. 5 to the data at 1.5, 3.0, and 6.0 M GdnHCl for loop
sizes of 28–46. The scaling exponents obtained from the fits are collected in
Table 3. Note that symbol legend for the upper panel applies to the bottom
panel, except for the NH5Q-1 variant, which is shown with open symbols at
1.5 (downtriangles), 3.0 (diamonds), and 6.0 M (hexagons) GdnHCl.
Polymer Properties of Polyglutamine 1995nR 28. The linearity of the data is good in 6.0 M GdnHCl,
but poorer at 3.0 and 1.5 M GdnHCl, consistent with our
equilibrium results. Similarly, the scaling exponent, n3, is
also significantly smaller for the PolyQ variants compared
to the Gln-rich variants at 6.0 M GdnHCl, but n3 is within
error indistinguishable for the PolyQ and Gln-rich variants
at 1.5 and 3.0 M GdnHCl (Table 3).
In Fig. 4 (bottom panel), it is clear that kf,His decreases
with increasing concentration of GdnHCl. This observation
is consistent with an increase in the root mean-square His to
heme distance for the Gln-rich and PolyQ sequences athigher GdnHCl concentration. Kinetic m-values for loop
formation, mf
z, are comparable to meq, indicating that the
transition state for loop formation lies near the closed loop
form (see Table S3).DISCUSSION
Effect of sequence context on homopolymeric
stretches of Gln
There is considerable evidence that sequence context has
important effects on the aggregation properties of polyGln
(3,6,8,9,12,15–17). In this study, our interest is to under-
stand how sequence affects the underlying polymer proper-
ties of homopolymeric stretches of glutamine. In 6.0 M
GdnHCl, the scaling exponent for the pure polyGln
sequences of the polyQ variants (n3 ~ 1.7) is significantly
smaller than for the sequences with a lysine every sixth
residue used in the Gln-rich variants (n3 ~2.15, see Table 3).
The larger scaling exponent observed for the Gln-rich vari-
ants normally indicates a more rapid expansion of a polymer
as its length increases. Monte Carlo (57) and molecular
dynamics (58) simulations of amino-acid f,j preferences
indicate similar backbone conformational preferences for
Lys and Gln. Furthermore, our previous work comparing
Ala-rich and Gly-rich sequences showed that differences
in n3 disappeared in 6.0 M GdnHCl presumably because
interactions between GdnHCl and the peptide backbone
dominate f,j preferences in 6.0 M GdnHCl. Thus, it seems
most likely that the difference in n3 between the PolyQ
and Gln-rich variants results from the positive charge intro-
duced by the lysines in the Gln-rich variants. In 6.0 M
GdnHCl, charge-charge interactions should be substantially
shielded, particularly for more expanded conformers. Thus,
rather than a faster increase in the root mean-square His-to-
heme distance for the Gln-rich versus the PolyQ variants as
loop size increases, the larger n3 for the Gln-rich variants
may reflect a progressive depletion of the more compact
conformations needed for loop formation due to charge-
charge repulsion as the net charge within the loop increases.
As the concentration of GdnHCl decreases and solvent
conditions become poorer, the pKloop(His) values for the
PolyQ variants become more negative relative to the Gln-
rich variants (Fig. 3). At 6.0 M GdnHCl, only for the longest
loop size (n ¼ 46) is pKloop(His) more negative for the
polyQ variants compared to the Gln-rich variants. However,
in 1.5 M GdnHCl, pKloop(His) is the same or more negative
for all PolyQ variants (n ¼ 28–46) relative to the Gln-rich
variants. The lack of an increase in Cm for the PolyQ vari-
ants in Table 1 (as observed with the Gln-rich variants)
may, in part, reflect this length-dependent increase in the
stability of the His-heme loop for the PolyQ variants relative
to the Gln-rich variants. Length-dependent compaction of
uninterrupted segments of polyGln is consistent with the
work of Walters and Murphy (6), which showed that asBiophysical Journal 103(9) 1989–1999
1996 Khan and Bowlerthe length of a polyGln stretch increases, water becomes a
progressively poorer solvent for polyGln. Although a more
subtle effect, the same appears to be true for the PolyQ vari-
ants relative to the Gln-rich variants at lower GdnHCl
concentration.FIGURE 5 Comparison of kinetics of His-heme loop breakage and
formation at 6.0 M (top panel) and 3.0 M (bottom panel) GdnHCl for the
Gln-rich, Ala-rich, and Gly-rich variants. Main panels show plots of
Log(kf,His) versus loop size, n (plotted logarithmically). (Insets) Plots of
kb,corr versus loop size, n. (Solid lines in the main panels) Fits to Eq. 5.
The scaling exponents, n3, obtained from the fits are given in Table 3.
(Solid lines in the insets) Guides for the eye. In the main panels, data for
the NH5G-1, NH5A-1 and NH5Q-1 variants are shown with open symbols
of the same shape as for the Gln-rich, Ala-rich, and Gly-rich variants with
n ¼ 28–46. Data for the NH(-2)I52 and NH(-2) variants (no insert, n ¼ 16)
are shown (open diamond and open downtriangle, respectively). All data
were acquired at 25C.Comparison of the polymer properties Gln, Ala,
and Gly
The Gln-rich variants have the same sequence context as our
previously reported Ala-rich (21) and Gly-rich (20) variants,
with a Lys interrupting the stretches of Gln, Ala, and Gly,
respectively, every sixth residue. Thus, differences in His-
heme loop formation for these three sets of variants reflect
intrinsic differences in the polymer properties of Gln, Ala,
and Gly. Fig. S2 compares the equilibrium loop stability,
pKloop(His), of the Gln-rich, Ala-rich, and Gly-rich variants
at 6.0 M and 3.0 M GdnHCl. At 6.0 M GdnHCl, on average,
pKloop(His) for the Ala-rich variants falls midway between
that of the Gly-rich and Gln-rich variants. In 3.0 M GdnHCl,
pKloop(His) is still most negative (most favorable His-heme
loop formation) for the Gly-rich variants. However, the
stability of the His-heme loops of the Ala-rich variants are
now more similar to that of the Gln-rich variants. Because
of the different dependencies of kb,corr on loop size, n, for
the Gly-rich, Ala-rich, and Gln-rich variants (Fig. 5, insets),
kf,His provides a more reliable means of evaluating polymer
properties (see below).
Fig. 5 compares the kinetics of loop formation and
breakage for the Gln-rich, Ala-rich, and Gly-rich variants.
The kb,corr show that loop breakage is fastest for Gly, and
slowest for Gln (insets in Fig. 5). The high kb,corr observed
for the Gly-rich variants is consistent with the general belief
that the steric constraints of the polypeptide backbone are
lowest for glycine. Only the Ala-rich variants show
a decrease in kb,corr with increasing loop size before leveling
off at a constant value. For the Ala-rich variants, we had
attributed the larger kb,corr at smaller loop size, n, to strain
in the loop due to the greater backbone steric constraints
expected for Ala relative to Gly (20,21). Because backbone
sterics are thought to be similar for all residues with a
b-carbon (58), the lack of dependence of kb,corr on n for
the Gln-rich variants indicates that backbone sterics are
not the only factor controlling kb,corr for small n. The
hydrogen-bonding ability of the Gln side chain may slow
the reorientation of the backbone needed to cross the transi-
tion state for loop breakage (i.e., move the His away from
the heme) and may compensate for steric strain in the closed
loop form at smaller loop sizes. Simulations indicate that in-
tramolecular sidechain-to-backbone hydrogen bonds are
evident in polyglutamine sequences, providing some
support for this interpretation (10,18).
Plots of Log(kf,His) versus loop size provide a better basis
for comparing scaling exponents, n3, for the Gly-rich, Ala-
rich, and Gln-rich variants because the loop size dependenceBiophysical Journal 103(9) 1989–1999of kb,corr for the Ala-rich variants is taken into account (20).
At 6.0 M GdnHCl, the slopes of the plots of Log(kf,His)
versus n are parallel for the Gly-rich, Ala-rich, and Gln-rich
variants, yielding n3 ~ 2.2 for all three polymers (Table 3).
At 3.0 M GdnHCl, n3 remains essentially unchanged for
the Ala-rich and Gln-rich variants. However, n3 decreases
to ~1.7 for the Gly-rich variants, consistent with a more
collapsed structure for the Gly-rich sequences in 3.0 M
GdnHCl than for the Gln-rich and Ala-rich sequences.
This difference in n3 persists at 1.5 M GdnHCl for the
Gln-rich versus the Gly-rich variants (Table 3).
Simulations of G15 in water versus 8 M urea show that
urea-backbone hydrogen bonds replace water-backbone
hydrogen bonds and that intramolecular hydrogen bonds
essentially disappear in 8 M urea (59). Interestingly, in
Polymer Properties of Polyglutamine 19978 M urea there is a substantial increase in population of
regions of the Ramachandran plot that lead to extended
conformations of G15 relative to water. Based on these simu-
lation results, a decreased interaction of GdnHCl with the
polypeptide backbone at lower GdnHCl concentration likely
leads to lower population of extended conformers, such as
the polyproline II conformation, which has been shown to
be stabilized by denaturants (60) and the observed decrease
in n3. The persistence of larger values of n3 for the Ala-rich
and Gln-rich sequences may reflect the more restricted f,j
space available to Ala and Gln residues (58), but it may also
result from water being a particularly poor solvent for poly-
glycine (polyGly) (59,61). As with Gln and Ala, long
repeats of Gly occur in human-disease-causing proteins
(1). These Gly repeats may be even more prone to aggrega-
tion than Ala or Gln repeats.
Simulation and experiment on polyGly and polyGln indi-
cate that both polymers form collapsed disordered structures
with nonspecific hydrogen bonds in aqueous solution
(6,10,11,18,59,61). By contrast, polyAla tends to form an
ordered hydrogen-bonded structure containing g-turns (62)
and an a-helical structure (7,63). Thus, one might expect
that n3would be similar for theGly-rich andGln-rich variants,
rather than for the Ala-rich and Gln-rich variants at 1.5 and
3.0 M GdnHCl. However, it is important to note that our data
on the GdnHCl concentration dependence of DGloop(His)
(inset, Fig. 3) indicate that, even at 1.5 M GdnHCl, the
sequences studied here are just approaching the onset of the
coil-to-globule collapse. Thus, the similar f,j preferences
of Gln and Ala (57,58) may be the reason for their similar
n3 values at all denaturing concentrations of GdnHCl.Chain stiffness
For His-heme loops of the same size, n, we have shown that
the Jacobson-Stockmayer equation (Eq. 1) and Eq. 5 can be
combined to yield Eq. 6 (20),
CnðXÞ
CnðGlyÞ ¼ 10
ððLog kf;HisðGlyÞLog kf;HisðXÞÞ=n3Þ; (6)
where Cn(X) and Cn(Gly) are Flory’s characteristic ratio for
an amino-acid X and for Gly, respectively; kf,His(Gly)
and kf,His(X) are kf,His for a Gly-rich and an X-rich poly-
peptide, respectively, with the same loop size; and n3 ¼
(n3,Glyþ n3,X)/2 is the average value for the scaling exponent
for the Gly-rich and X-rich polypeptides at the GdnHCl
concentration used to measure kf,His. The Cn(X)/Cn(Gly)
ratio provides a measure of the stiffness of a polypeptide
chain of amino-acid X relative to a chain of Gly residues.
Thus, we can use Eq. 6 to evaluate chain stiffness for the
loops formed by the Gln-rich and Ala-rich variants relative
to the Gly-rich variants. In 3.0 M GdnHCl, Cn(Gln)/Cn(Gly)
initially increases and then levels off at ~2 for n ¼ 34–46
and Cn(Ala)/Cn(Gly) levels off at ~1.6 (20).In 6.0 M GdnHCl, Cn(Gln)/Cn(Gly) is ~1.7 for n¼ 28–46
and Cn(Ala)/Cn(Gly) is ~1.3 (20). Thus, Gln produces stiffer
chains relative to Ala. Evaluation of the persistence length
of polyAla and polyGln peptides also indicates that poly-
mers of Gln are stiffer than polymers of Ala (6,7). For
both Gln and Ala, the chain stiffness relative to Gly is less
in 6.0 M GdnHCl than in 3.0 M GdnHCl. Studies on poly-
GlySer peptides indicated a decrease in chain stiffness in
8.0 urea compared to water (56,64), which was attributed
to urea-decreasing polymer-polymer interactions, thus al-
lowing the polymer to be more flexible.
Cn(X)/Cn(Gly) provides a relative measure of chain stiff-
ness. Thus, it is possible that the decrease in Cn(X)/Cn(Gly)
results from chains of Gly becoming stiffer more rapidly
relative to Ala and Gln chains as GdnHCl interacts with
the backbone. The increase in n3 for the Gly-rich variants
would be consistent with this interpretation. Further
support for this interpretation comes from simulations
that show that G15 has a higher propensity for f,j angles
that favor extended conformations in 8 M urea relative to
water (59). Also, mf
z is largest for the Gly-rich variants,
averaging ~0.17 kcal mol1 M1 for n ¼ 28–46 (see Table
S7). For n ¼ 28–46, mfz is ~0.14 kcal mol1 M1 for the
Gln-rich variants (see Table S3) and mf
z is ~0.12 kcal
mol1 M1 for the Ala-rich variants (21). Thus, the faster
decrease in Log(kf,His) with increasing GdnHCl concentra-
tion for the Gly-rich sequences than for the Gln-rich and
Ala-rich sequences (see Fig. 5) is consistent with an
increase in Cn (chain stiffness) for Gly-rich sequences rela-
tive to the Gln-rich and Ala-rich sequences (note that the
intercept in Eq. 5 is inversely proportional to Cn, see
Eq. 2). Thus, contrary to the behavior of polyGlySer
(56,64), the Gly-rich sequences of the Gly-rich variants
become stiffer at higher GdnHCl concentration, providing
another example of the effect of sequence context on poly-
mer properties.CONCLUSION
Our results on His-heme loop formation with the PolyQ and
Gln-rich variants show that sequence context, in particular
that of intermittent lysine residues, has subtle but measur-
able effects on the scaling properties and the tendency for
length-dependent collapse of polyGln in denaturing
GdnHCl solutions. Comparison of the data for the Gln-
rich variants with previous work on Ala-rich and Gly-rich
variants show that the scaling properties are identical at
high denaturant concentration. However, in more dilute
denaturant solution, Gly-rich sequences collapse more
rapidly than Gln-rich or Ala-rich sequences, suggesting
that Gly repeats may be even more prone to aggregation
than Ala and Gln repeats. Chain stiffness as evaluated by
Cn ratios follows the order
Gly-rich<Ala-rich<Gln-richBiophysical Journal 103(9) 1989–1999
1998 Khan and Bowlerin both 3.0 M and 6.0 M GdnHCl. The results also demon-
strate that the onset of the coil-to-globule transition is near
1.5 M GdnHCl for both Gln-rich and PolyQ variants, as
well as for the native sequence of iso-1-Cytc.SUPPORTING MATERIAL
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